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Abstract
Binding of coat protein (CP) to the 3 nontranslated region (3-NTR) of viral RNAs is a crucial requirement to establish the infection
of Alfamo- and Ilarviruses. In vitro binding properties of the Prunus necrotic ringspot ilarvirus (PNRSV) CP to the 3-NTR of its genomic
RNA using purified E. coli- expressed CP and different synthetic peptides corresponding to a 26-residue sequence near the N-terminus were
investigated by electrophoretic mobility shift assays. PNRSV CP bound to, at least, three different sites existing on the 3-NTR. Moreover,
the N-terminal region between amino acid residues 25 to 50 of the protein could function as an independent RNA-binding domain. Single
exchange of some arginine residues by alanine eliminated the RNA-interaction capacity of the synthetic peptides, consistent with a crucial
role for Arg residues common to many RNA-binding proteins possessing Arg-rich domains. Circular dichroism spectroscopy revealed that
the RNA conformation is altered when amino-terminal CP peptides bind to the viral RNA. Finally, mutational analysis of the 3-NTR
suggested the presence of a pseudoknotted structure at this region on the PNRSV RNA that, when stabilized by the presence of Mg2, lost
its capability to bind the coat protein. The existence of two mutually exclusive conformations for the 3-NTR of PNRSV strongly suggests
a similar regulatory mechanism at the 3-NTR level in Alfamo- and Ilarvirus genera.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Prunus necrotic ringspot virus (PNRSV) is a positive-
strand RNA plant virus with a tripartite genome that belongs
to the Ilarvirus genus (type member: Tobacco streak virus,
TSV). Ilarviruses have the same genome organization, en-
coding functionally similar translation products, as those of
Alfalfa mosaic virus (AMV) and members of the Bromovi-
rus, Cucumovirus, Oleavirus genera, which belong to the
family Bromoviridae (van Regenmortel et al., 2000). RNAs
1 and 2 encode the replicase subunits P1 and P2, respec-
tively. RNA 3 is bicistronic encoding the movement protein
(MP or P3) and the coat protein (CP). CP synthesis occurs
via a subgenomic monocistronic mRNA (RNA 4).
In addition to its well-known structural role, the CP of
Ilarvirus and AMV plays a critical function in the infection
process of their genomic RNAs. Initiation of infection by
AMV and llarviruses requires the binding of CP to the
3-termini of the inoculum RNAs in a phenomena-denom-
inated “genome activation” and it is well documented that
CPs of AMV and llarviruses are interchangeable in this
process (Bol, 1999; Jaspars, 1999). The genome of most of
the plant RNA viruses have, at the 3-terminal nontranslated
region (3-NTR), a poly (A) tail or a tRNA-like structure
(TLS) (Matthews, 1991). For several years, it has been
proposed that, instead of the tRNA-like structure, the 3-
NTRs of the viral RNAs of AMV and llarviruses are folded
into a linear array of several stem-loops flanked by non-
paired sequences (including several conserved AUGC se-
quences), which could represent specific binding sites for
the CP (Ansel-McKinney and Gehrke, 1998; Reusken and
Bol, 1996; Reusken et al., 1994; Zuidema and Jaspars,
1984). In fact, band-shift assays demonstrated that the 3-
NTR of AMV RNA 3 contains at least two (Reusken and
Bol, 1996) or four (Houser-Scott et al., 1994) independent
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sites to bind CP. Thus, CP/3–NTR interaction has been pro-
posed to act as protecting the viral RNAs from degradation
during the translation rounds of the RNAs (Neeleman et al.,
1993) and more recently demonstrated that translation of AMV
RNA 4 in plant protoplasts is autocatalyticallly stimulated by
its encoded CP (Neeleman et al., 2001). Furthermore, it has
also been proposed that such RNA–protein interaction could
induce a RNA conformational change which would allow the
viral replicase to recognize the viral template to start minus-
strand synthesis (Houser-Scott et al., 1997; Houwing and Jas-
pars, 1978) or to accommodate the replication initiation com-
plex, trough CP-replicase interactions, to the very 3-NTR end
of the plus polarity viral RNA (Sa´nchez-Navarro and Palla´s,
1994). Recently, it has been demonstrated that in addition to
this usually depicted secondary stem-loop structure, the 3-
NTR of AMV RNAs can adopt an alternative tertiary confor-
mation resembling a TLS, through the formation of a
pseudoknot (Olsthoorn et al., 1999). Pseudoknot-type struc-
tures have been previously shown to be present at the 3-NTR
in other viruses, playing a critical role in the interaction of the
viral genome and the replicase (Deiman et al., 2000; Dreher
and Hall, 1988; Skuzeski et al., 1996). Recently it has been
shown that these TLS elements mediate the assembly of an
icosahedral RNA virus (Choi et al., 2002). Although the exis-
tence of these types of structures has been proposed for some
Ilarviruses, definitive experimental evidence is still lacking.
The N-terminal region of CP from both AMV and Ilar-
viruses is sufficient and necessary to bind to 3-NTR since
a synthetic peptide derived from the first 26 amino acids of
AMV CP could substitute the full-length CP to initiate the
infection in protoplasts (Baer et al., 1994). Such a N-termi-
nal region has a high accumulation of arginine and/or lysine
residues (Sa´nchez-Navarro and Palla´s, 1997). Unlike AMV,
in some llarviruses this highly basic region is preceded by a
putative zinc-finger domain, which its putative contribution
to the CP-binding capacity is still undemonstrated. A single
arginine residue has been found to be responsible for the
binding capacity of the synthetic peptides derived from the
N-terminal region of CPs of AMV and Citrus variegation
virus (CVV) (Ansel-McKinney et al., 1996), and it is also
critical for full-length AMV CP activity (Tenllado and Bol,
2000; Yusibov and Loesch-Fries, 1998). Experiments with
mutant peptides, together with a comparative analysis of the
CP sequences of llarviruses and AMV, led Ansel-McKin-
ney et al. (1996) to propose a new RNA-binding consensus
sequence Q/K/R-P/N-T-X-R-S-R/Q-Q/N/S-W/F/Y-A for
the CPs of these two genera.
Previously, we have demonstrated that PNRSV CP has the
capacity to bind to the 3-NTR of its RNA 4 (Palla´s et al.,
1999). In the present study, we have analyzed the properties of
this binding by using purified Escherichia coli expressed CP
and different synthetic peptides derived from its N-terminus
sequence. Mutational analysis of arginine residues on these
synthetic peptides suggests that more than a single arginine
residue mediates the binding to the RNA. Finally, we report,
for the first time, in vitro evidence for the existence of a
pseudoknotted conformation at the 3-NTR of an Ilarvirus
which conditions the binding of the CP to this region. These
results strongly suggest that llar- and Alfamoviruses use a
similar conformational switch between stem-loop and
pseudoknot conformers triggered by the CP as a regulatory
mechanism in their life cycle. This would allow these types of
viruses to alternate between important biological processes
such as, for instance, replication and translation.
The results presented here clearly demonstrate that both
the CP and the 3-NTR of llarviruses can be considered as
multifunctional macromolecules and that their correspond-
ing biological functions are mutually conditioned.
Results
Specific binding of PNRSV CP to the 3-nontranslated region
The 3-NTR of PNRSV (isolate NctSp.mur1) is 172 nt
long with a predicted secondary structure consisting of
seven stem-loops flanked by single-stranded sequences
(Fig. 1A, upper conformation). We have studied the binding
properties of the CP PNRSV to this region by electro-
phoretic mobility shift assay (EMSA). Fig. 2 shows a rep-
resentative EMSA experiment for the interaction of the CP
to the 3-NTR transcript (3NTR-Nc). After incubation of 5
ng of transcript (8.75 nM) with increasing concentration of
purified PNRSV CP, three shifted bands were detected,
which can be interpreted as the intermediate CP–RNA com-
plexes corresponding to the sequential filling of three dif-
ferent binding sites (Fig. 2A) (Houser-Scott et al., 1994).
First and second complexes became clearly detectable at 1.8
(6.7 nM) and 9 (33.7 nM) ng of CP, respectively (Fig. 2A,
lanes 3 and 6). The third shifted band appeared between 18
and 40 ng of CP (data not shown), whereas free RNA almost
disappeared at 18 ng (67.5 nM) of protein (Fig. 2A, lane 7).
At 90 ng (337 nM) of CP only the third complex was
present (Fig. 2A, lane 8). To double-check that these inter-
mediate shifted bands really corresponded to different fill-
ing sites, we designed a 3NTR-St1 plasmid by changing
nucleotides CCC at positions 871–873 for GGG (see Fig.
1B, pKS/3NTR-St1 plasmid). Transcript of this mutant has
disrupted the stem 1, which has been shown to be part of
one of the binding sites in AMV and TSV (Ansel-McKin-
ney and Gehrke, 1998; Reusken and Bol, 1996), and we
reasoned that in this mutant one of the intermediates would
disappear in EMSA. In fact, at 45 ng of CP, 3NTR-Nc
transcript showed the expected second and third shifted
bands (Fig. 2B, lane 2). However, when using 3NTR-St1
transcript, only the first and second shifts were detected
(Fig. 2B, lane 4), suggesting that in this mutant, only com-
plexes consisting of one or two filled sites could be formed.
When CP concentration was incremented until saturation
conditions (337 nM), only the second complex was present
(data not shown). This result indicates that the disruption of
stem 1 on the 3-NTR of PNRSV destroyed one of the
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binding sites and, consistent with the experimentally ob-
served intermediate complexes, is the result of the sequen-
tial filling of independent binding sites.
The dissociation constant (Kd) was determined, from
three representative experiments, as 2.8  109, 4.6 
109, and 25.5  109 M for the first, second, and third
binding sites, respectively, and plots of the bound RNA
fraction versus protein concentration (Fig. 2C) or versus log
(protein concentration) (data not shown) reported a sig-
moidal binding profile. In addition, when the log (RNA
bound/ RNA free) was plotted versus log (protein concen-
tration) (Fig. 2D), we obtained a Hill coefficient of 1.2, and
an apparent dissociation constant (Kn) of 11.3  109 M.
To examine the specificity of PNRSV CP–RNA com-
plex, we conducted competition experiments by addition of
a series of partially and nonrelated nucleic acid competitors
at equal and 10-fold mass excess (Fig. 3). For this purpose
it is convenient to work at protein concentration near to
saturation to avoid the presence of intermediate complexes
in the initial interaction. Thus, this method would provide a
better comparison of these kinds of experiments. This was
achieved by incubation of 5 ng of 3NTR-Nc plus 90 ng of
CP (Fig. 3, lanes 2 and 7). Addition of equal mass of a
plus-strand RNA transcript of the 3-NTR of the related
AMV yielded intermediates corresponding to complexes
with two and three filled sites (Fig. 3, lane 3), whereas when
a 10-fold mass excess was added, only free RNA and the
complex with one filled site was formed (Fig. 3, lane 8).
This result clearly indicated that 3-NTR AMV transcript
was able to withdraw PNRSV CP molecules. However,
transcript corresponding to the CP region of the nonrelated
Carnation mottle virus (CarMV) competed with much
smaller extension than AMV RNA (Fig. 3, lanes 5 and 10).
In contrast, a dsDNA corresponding to the 3-NTR of
PNRSV did not perturb binding of the CP to the transcript
(Fig. 3, lanes 4 and 9), indicating that PNRSV CP does not
have specific affinity for dsDNA.
Mapping of the CP RNA-binding domain
The N-terminal region of the AMV CP has been shown
to have a role in the direct binding to the genomic RNA
Fig. 1. (A) Schematic representation of the two mutually exclusive predicted conformations of the 3-nontranslated region of the PNRSV RNA 3. (B)
Plasmids used in this study. Nucleotide numbering is from the 5 end of the RNA 4 and hairpins are denoted (1–7). In (A), top structure represents the
secondary stem-loop conformation and bottom structure shows the putative pseudoknotted conformer proposed by Oltshoorn et al. (1999), which is formed
by base-pair of the nucleotides filled in gray. In (B), nucleotides in lower case represent nucleotide substitutions introduced to generate each mutant plasmid.
Names of plasmids are indicated on the bottom of each one. pKS/3NTR-Nc represent the wild-type 3-nontranslated region of PNRSV.
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(Bol, 1999; Jaspars, 1999). Furthermore, the mutational
analysis of synthetic peptides derived from this region was
useful to propose a consensus RNA-binding domain for
AMV and Ilarviruses (Bol, 1999). This domain contains an
arginine residue (Arg) which has been demonstrated to be
crucial for the binding of peptides corresponding to the
N-terminal region of AMV (Arg 17), CVV (Arg 34), and
TSV (Arg 47) (Ansel-McKinney et al., 1996; Swanson et
al., 1998) or the full-length AMV CP (Tenllado and Bol,
2000; Yusibov and Loesch-Fries, 1998) to the RNA. How-
ever, the equivalent amino acid residue in the PNRSV CP
was not clearly identified and surprisingly three different
Arg residues were proposed for this particular role, depend-
ing on the PNRSV CP isolate analyzed (Ansel-McKinney et
al., 1996). In addition, phylogenetic analysis of the CP
amino acid sequence of several viruses belonging to the
Bromoviridae family (Sa´nchez-Navarro and Palla´s, 1997)
and from the 15 PNRSV isolates previously characterized
(Aparicio et al., 1999) led us to speculate that the basic
region located between amino acid residues 25 and 50 from
the N-terminal end could represent the RNA-binding do-
main. This region could be defined as an Arg-rich region
with a high tendency to adopt an -helical secondary struc-
ture and, interestingly, is located downstream from a C2C2
putative zinc-finger motif (Fig. 4A). Furthermore, Arg res-
idues at positions 30, 34, 41, and 47 are highly conserved in
all PNRSV isolates, whereas the one at position 43 is
present only in the CP of the isolates belonging to the
Fig. 2. Analysis of RNA–protein complexes formed between PNRSV coat protein and the 3-NTR transcript of PNRSV RNA 3. (A) EMSA after incubation
of 5 ng of 3NTR-Nc transcript with no protein (lane 1) or with 0.9, 1.8, 3, 4.5, 9, 18, and 90 ng of coat protein (lanes 2 to 8) corresponding to 3.3, 6.7, 11.1,
16.7, 33.7, 67.5, and 337 nM, respectively. Drawing on the right represents the interpretation of the three RNA–protein complexes formed according the
number of sites filled by the CP. Binding sites are represented by open boxes and protein by filled circles. First shift occurs when only one binding site is
occupied by CP, and the lowermost shifted band when the three sites are bound to CP. (B) Complex formation when the stem 1 is disrupted (see Fig. 1B).
Five nanograms of 3NTR-Nc or 3NTR-St1 transcripts were incubated with no protein (lanes 1 and 3, respectively) or 45 ng (167.5 nM) of protein (lanes
2 and 4, respectively). At 45 ng of protein, 3NTR-Nc transcript formed complexes containing two or three binding sites occupied, whereas only complexes
corresponding to one or two filled sites were observed when 3NTR-St1 transcript in which one of the binding sites was destroyed (compare drawings on the
left and on the right of B). (C) RNA-binding curve of CP to 3NTR-Nc transcript obtained from data of three representative experiments similar to the one
shown in (A). The fraction of bound RNA was plotted vs PNRSV CP concentration. The dotted line is the theoretical binding curve for a cooperative
interaction. (D) Hill transformation applied to data in (C). The thin line is the best fit determined by least-squares analysis, with the corresponding r coefficient
and equation given in the insert. The slope of the best fit equation determines a Hill coefficient of 1.2, indicating no or mild cooperativity and the y intercepted
point gives the value of the apparent constant dissociation (Kn), which was 11.3  109 M.
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PV32-type group, one of the three groups in which the
PNRSV isolates have been clustered (Aparicio et al., 1999).
The potential RNA-binding properties of this basic re-
gion were addressed using a 26 amino acid synthetic pep-
tide, the sequence of which corresponds to residues 25–50 at
the N-terminal region (Fig. 4A, peptide pCPwt). EMSA
demonstrated that this peptide binds to the 3NTR-Nc tran-
script, although, unlike the full-length CP, only one shifted
band appeared at 0.5 g (17 M) of peptide without a
progressive disappearance of the free RNA (Fig. 4B, panel
pCPwt). Similar single-shifted pattern was obtained in pre-
vious binding studies carried out using synthetic peptides
corresponding to the N-terminal region of the coat protein
of AMV (Houser-Scott et al., 1994), which was attributed to
the fact that peptides were probably bound to a single site at
the 3-NTR of AMV (Baer et al., 1994). The relative con-
tribution of the Arg residues in the binding capability of this
basic domain was studied by using four mutated peptides
containing the single conserved Arg residues changed to
Ala (Fig. 4A). Clearly, none of the mutated peptides was
able to form complexes (Fig. 4C, panels pCPR30A,
pCPR34A, pCPR41A, pCPR47A) even when 4.5 g (160
M) of peptide was added (not shown), indicating that each
of the Arg residues is necessary for the RNA binding. These
results suggest that peptide pCPwt has its own RNA-bind-
ing capacity, but in contrast to that observed for AMV and
CVV (Ansel-McKinney et al., 1996), more than one basic
residue is crucial for the binding properties of the consensus
region. As stated above, two main differences are relevant
within the putative binding regions of these two related
viruses and PNRSV that could account for the differences
observed as follows; (i) this region is a lysine-rich region in
AMV and CVV, whereas in PNRSV it can be considered as
an arginine-rich region; and (ii) this region is preceded by a
zinc-finger motif of the type C2C2 in PNRSV, whereas
AMV and CVV lack such a motif.
In vitro evidence of a pseudoknotted conformation in the
3-nontranslated region of PNRSV
A pseudoknot conformation has been recently theoreti-
cally predicted for the 3-NTR of PNRSV mediated by
base-pairing between CCC nucleotides at positions 804–
806 (Fig. 1A, upper loop of stem 4) with GGG residues at
positions 878–880 (Fig. 1A, stem 1), for which, by analogy
to the one described for AMV, the CP binding must be
hampered (Olsthoorn et al., 1999). To demonstrate the ex-
istence of this pseudoknotted structure, we incubated the
3-NTR of PNRSV RNA 3 with either CP or the derived
peptide in the presence or absence of Mg2. It has been
previously demonstrated that this cation stabilizes any po-
tential pseudoknot structure (Draper, 1996). Thus, in the
absence of Mg2 addition of either CP or peptide pCPwt to
the 3NTR-Nc RNA resulted in a clear shift of the viral
RNA, whereas, in the presence of 10 mM of Mg2, both
coat protein–and peptide–RNA interactions were inhibited
(Figs. 5A and B), suggesting the existence of a putative
RNA structure that is not recognized by the CP.
To map the residues involved in the proposed
pseudoknot conformation, the 804-CCC-806 sequence of
upper loop of stem 4 was changed to UUU, generating
mutant 3NTR-Lp4 (Fig. 1B), which theoretically would be
unable to stabilize the tertiary conformation. A visual in-
spection of upper loop of the stem 4 showed that the nu-
cleotide sequence 800-GCUUCCC-806 in this loop is com-
plementary to the 878-GGGAAGC-884 at the 3 terminal
(Fig. 1A), suggesting that, in addition to the expected 878-
GGG-880 residues, four extra residues could be involved in
the formation of the pseudoknot structure. To check this
possibility, the 881-AAG-883 terminal nucleotides in the
3NTR-Lp4 mutant were changed to UUC to construct
3NTR-Ps mutant (Fig. 1B). Band-shift assays performed
with mutants 3NTR-Lp4 (Fig. 5C) and 3NTR-Ps (Fig. 5D)
in the presence of Mg2 showed that in the first case most
of the signal was on the RNA free form, whereas in the
second case, most of the signal was in the complexed form,
indicating that the pseudoknotted structure was more se-
verely disturbed in this mutant. Taken together, all these
results strongly suggest the existence of the above proposed
pseudoknot conformation at the 3-NTR of PNRSV. This
structural feature is stabilized by Mg2 and requires addi-
tional nucleotide residues than the 804-CCC-806 nucleo-
tides previously proposed (Fig. 5E).
Circular dichroism (CD) spectroscopy
CD spectroscopy has been used for the analysis of con-
formational changes in RNA induced upon interaction with
proteins and/or synthetic peptides (Daly et al., 1990; Tan
and Frankel, 1992, 1994) Thus, to examine the structural
characteristics of the 3-NTR RNA and its interaction with
the binding domain of the PNRSV CP, the CD spectra of the
free and complexed RNA were recorded. Fig. 6A shows that
Fig. 3. Specificity of the RNA-binding properties of PNRSV coat protein
determined by EMSA. Five nanograms of 3NTR-Nc transcript was incu-
bated with 90 ng (337 nM) of protein either alone (lanes 2 and 7) or in
presence of equal (left panel) and 10-fold (right panel) mass transcript of
plus-strand polarity corresponding to the 3-NTR of AMV RNA 3 (lanes 3
and 8, respectively), coat protein region of CarMV (lanes 5 and 10,
respectively), and dsDNA corresponding to the 3-NTR of PNRSV (lanes
4 and 9, respectively). Lanes 1 and 6 correspond to the free RNA.
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in the presence of the pCPwt peptide (measured at a RNA/
peptide ratio of 1/100 that ensures a full-bonded RNA—see
Fig. 4B) the maximum of the RNA CD band moves from
264 to 272 nm together with a 22% decrease in the signal
intensity. However, the CD spectrum of RNA in the pres-
ence of peptide CPR30A, that has a lowered affinity to bind
to RNA, showed the same maximum wavelength as the free
RNA with a minor decrease in the signal intensity that could
be related to a weak and unspecific peptide/RNA binding.
These changes, and in particular the red shift in the CD
band, have been related to a displacement in the relative
stacking orientation of the RNA bases as a consequence of
a peptide-binding-induced change in its secondary structure
(Baer et al., 1994; Soengas et al., 1997; Vilar et al., 2001).
On the other hand, when the CD spectra are obtained in
the presence of Mg2 (Fig. 6B) that would favor the stabi-
lization of a pseudoknot (Olsthoorn et al., 1999; Draper,
1996), only the decrease in the CD signal is apparent, while
the relative maximum at 264 nm remains unaltered. These
results suggest that the pCPwt peptide could electrostati-
cally interact with the RNA, although the interaction would
not be strong enough to modify the RNA conformation.
Discussion
It was known previously that the binding of the coat
protein to the 3-nontranslated region of viral RNAs is a
crucial requirement to establish the infection of AMV and
llarviruses and theoretical and experimental efforts have
been directed to understand the molecular and functional
basis of this event (Bol, 1999; Jaspars, 1999). Besides its
role in the initiation of infection and encapsidation, the coat
protein of AMV plays additional important roles in different
steps of viral cycle (de Graaf et al., 1996; Neeleman and
Bol, 1999; Tenllado and Bol, 2000; van der Vossen et al.,
1994). Similar viral functions have been assumed for the CP
of llarviruses. Consistent with this idea, it has been shown
that the CP of PNRSV could replace the CP of AMV in
replication, encapsidation, and limited cell-to-cell move-
ment in a chimeric AMV RNA 3 (Sa´nchez-Navarro et al.,
Fig. 4. Analysis by EMSA of RNA-binding properties of synthetic peptides derived from PNRSV coat protein. (A) Representation of the first 58 amino acid
residues of PNRSV PV32 CP and the location of the sequence of the peptide pCPwt within the protein. Basic residues are in bold and the predicted -helix
is boxed. In the mutated derived peptides pCPR30A, pCPR34A, pCPR41A, and pCPR47A points indicate identical amino acids and introduced Arginine by
Alanine changes are denoted. (B) EMSA carried out with pCPwt peptide and (C) with mutated peptides. Five nanograms of 3NTR-Nc transcript was
incubated with increased amounts (indicated at the top) of each peptide. Positions of free RNA (F) and RNA–peptide complex (C) are indicated. Clearly,
only pCPwt peptide (panel pCPwt in B) was able to form complex, indicating its RNA-binding capacity, whereas single substitution by alanine of any arginine
(panels pCPR30A, pCPR34A, pCPR41A, and pCPR47A in C) produced the loss of RNA-binding capacity of these mutated peptides.
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1997). In addition, the 3-NTR of PNRSV can be recog-
nized by the AMV replicase to promote for minus-strand
synthesis (Aparicio et al., 2001).
Previously, we have demonstrated that PNRSV coat pro-
tein has the capacity to bind to its 3-NTR (Palla´s et al.,
1999) and we report here the binding properties of this
interaction. EMSA experiments using purified E. coli ex-
pressed PNRSV CP and the 3-NTR of the PNRSV showed
three intermediate CP-3-NTR complexes at increasing CP
concentration, suggesting the presence of at least three dif-
ferent CP-binding sites at this region. Since intermediates
were clearly visible, it was possible to determine the Kd for
each binding step (Black et al., 1998). The ratio found
among Kd values of the intermediate complexes was of the
type Kd first binding site  Kd second binding site  Kd
third binding site, which, together with an overall Hill
coefficient of 1.2 (Black et al., 1998), indicate that PNRSV
Fig. 5. EMSA with 3NTR-Nc and derived mutated transcripts in absence or presence of 10 mM Mg2. Five nanograms of transcript 3NTR-Nc was incubated
with 90 ng of CP (A) or 600 ng of pCPwt peptide (B), and transcripts 3NTR-Lp4 and 3NTR-Ps (C and D, respectively) with mutated nucleotides implicated
in the formation of the pseudoknot were incubated with 90 ng of CP in absence or presence of 10 mM Mg2. Position of free RNA (F) is indicated. (E)
Putative pseudoknot structure of the 3-nontranslated region of PNRSV with the possible base pairings involved in the formation of this conformer according
to the results obtained in this study.
Fig. 6. Circular dichroism (CD) analysis of PNRSV CP derived peptides
and PNRSV RNA. (A) CD spectra of RNA free (continuous line), RNA
plus pCPwt peptide (dashed line) and RNA plus pCPR30A peptide (dotted
line). (B) CD spectra as in (A) in the presence of 10 mM Mg2.
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CP binds in a mild cooperative manner or without a coop-
erative manner to, at least, three different sites on the 3-
NTR RNA 3.
The apparent dissociation constant value (Kn) of PNRSV
coat protein was calculated to be 11.3 nM, which is within
the range of values reported for the sequence-specific RNA-
binding Tat and Rev proteins of inmunodeficiency human
virus (Kn  5 and 1 nM, respectively) (Burd and Dreyfuss,
1994) or the sequence-independent RNA-binding coat pro-
tein of BMV (Kn  20 nM) (Jansen et al., 1998) and
considerably lower than those reported for some RNA-
binding plant virus proteins as, for instance, Nla from TEV
(Kn  1.1–1.3 M) (Daro´s and Carrington, 1997), coat
protein of Turnip crinkle virus (TCV, Kn  0.5 M) (Skuz-
eski and Morris, 1995), p7 movement protein of CarMV (Kn
 0.7 M) (Marcos et al., 1999; Vilar et al., 2001), or the
related AMV coat protein (Kn  0.5 M) (Baer et al.,
1994). It is interesting to note the different Kn values ob-
served between the related AMV and PNRSV CPs (11.3 vs
500 nM). This discrepancy may be explained by the pres-
ence of an exclusive zinc-finger motif at the N-terminal of
PNRSV CP (Sa´nchez-Navarro and Palla´s, 1994), which is
strictly conserved in all the PNRSV isolates characterized
so far (Aparicio et al., 1999). This zinc-finger motif could
confer an increased binding affinity and/or stability to the
protein. In this sense, a synthetic peptide pCPwt lacking the
putative zinc-finger motif binds to viral RNA with appar-
ently lower affinity than the intact protein (17 M vs 11.3
nM). An increase of the RNA affinity produced by the
presence of zinc-finger domains has been described for the
Xenopus TFIIIA protein (Miller et al., 1985), p23 protein of
Citrus tristeza virus (CTV) (Lopez et al., 2000), and it has
been proposed to explain differences in binding affinity
between peptides derived from the N-terminal regions of the
CPs of TSV (bearing the zinc-finger domain) and AMV
(lacking the zinc-finger domain) (Ansel-McKinney et al.,
1996).
We have identified the RNA-binding motif of PNRSV
CP since a 26 residue peptide whose sequence corresponds
to the N-terminal fragment from 25 to 50 amino acid posi-
tions was able to bind RNA in solution (Fig. 4B, panel
pCPwt). This peptide contains a sequence rich in basic
residues with a predicted -helix, both largely conserved in
the CP of different isolates (Aparicio et al., 1999). EMSA
clearly showed that this region can function as an indepen-
dent RNA-binding domain. Single exchange of any Arg by
Ala eliminated the RNA-interaction capability of the syn-
thetic peptide (Fig. 4C, panels pCPR30A, pCPR34A,
pCPR41A, pCPR47A), supporting the crucial role of Arg
residues in other RNA-binding proteins possessing Arg-rich
domains. Unlike AMV and other llarviruses, our results
indicate that PNRSV CP does not have an equivalent
single-critical Arg responsible for RNA interaction. It has
been clearly demonstrated that Arg 17 or Arg 34 in AMV
and CVV CP, respectively, is the only residue essential
and responsible for specific binding to the RNA (Ansel-
McKinney et al., 1996; Yusibov and Loesch-Fries, 1998).
Moreover, substitution of Arg 47 for Ala on a peptide
corresponding to 39 –57 amino acid residues at the N-
terminal of TSV CP reduced protection against ribonu-
clease T2 cleavage and RNA-binding capacity (Ansel-
McKinney et al., 1996; Swanson et al., 1998), although in
this case, no other Arg residues were mutated. It is
interesting to note that the alignment of the putative
binding consensus domain of AMV and llarviruses CP
shows that llarviruses having a zinc-finger motif, i.e.,
ApMV, TSV, and PNRSV, present more variability in the
sequence consensus than those lacking this domain
(AMV, CCV, and rest of llarviruses) (see Fig. 2 in Ansel-
McKinney et al., 1996). Apparently, the RNA-binding
properties of PNRSV CP could be mediated by both the
zinc-finger domain and the Arg-rich motif. In this sense,
further experiments will be addressed to elucidate if both
are interrelated or constitute independent RNA-binding
sites and how the Arg residues are influenced by the
zinc-finger domain.
From the mutational analysis of the 3-NTR followed by
EMSA experiments in the absence or presence of Mg2 and
the CD spectra, it can be concluded that the type of inter-
action between the PNSRV CP and its 3-NTR is condi-
tioned by the presence of a pseudoknot at the 3-NTR. This
pseudoknotted structure, when stabilized, inhibits the bind-
ing of the CP. The possibility to adopt two mutually exclu-
sive conformations made this part of the genome a regula-
tory region in the virus life cycle. These results are
consistent with those obtained by Olsthoorn et al. (1999),
who have recently shown that the CP binding induces a
transition from the pseudoknotted conformation to the stem-
loop secondary structure, which is not recognized by the
viral replicase and consequently will shut off minus-strand
accumulation. Finally, the results obtained in this work
clearly demonstrate that Alfamo- and llarviruses use a sim-
ilar conformational switch between stem-loop and
pseudoknot conformers triggered by the CP as a regulatory
mechanism in their life cycle and can explain, at least in
part, the biological requirements of these kind of viruses in
their infection process.
Materials and methods
Production in bacteria and purification of PNRSV CP
PNRSV coat protein gene was amplified from PNRSV
PV32 isolate (Accession No. Y07568) (Sa´nchez-Navarro and
Palla´s, 1994, 1997) by PCR using VP81 sense primer
(5-AGTGGATCCATGGTTTGCCGAATTTGC-3, con-
taining a BamHI site, underlined) and VP103 antisense primer
(5-ACATAAGCTTCTAGATCTCAAGCAGGTC-3, with a
HindIII site, underlined). Plasmid pQE-PNRSV CP (pQE-CP)
was constructed through insertion of the BamHI-HindIII-di-
gested product from PCR into pQE-30 (Qiagen), fusing the CP
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sequence after a sequence coding for a six-histidine tag (MRG-
SHHHHHHGS). E. coli M15 (pREP4) cells (Qiagen) trans-
formed by either pQE-CP or pQE-30 (as control) were selected
on LB medium containing 100 mg/L ampicillin and 25 mg/L
kanamycin. Transformants were grown at 30°C. Induction of
gene expression at 1 mM IPTG for 5 h and protein purification
using Ni-NTA agarose columns (Qiagen) under denaturing
conditions were carried out essentially as described by the
manufacturer. Purified PNRSV CP was finally eluted from the
column in a buffer containing 100 mM sodium phosphate, 10
mM Tris–HCl, pH 6.3, 8 M urea, and 400 mM imidazole. For
gel EMSA (see below), purified CP preparations were dialyzed
at 4°C for 24 h against sterile water, followed by gel filtration
chromatography through Sephadex G-25 NAP-5 columns
(Pharmacia Biotech) using sterile water as eluant. The void
volume fractions containing PNRSV CP were concentrated
using Ultrafree-MC Biomax-5 microcentrifugal units (Milli-
pore), quantified by comparison to standards through SDS–
PAGE gel electrophoresis, and stored in small aliquots at
20°C until use.
Peptide synthesis
Peptide pCPwt (Ac-ALVPLRAQQRAANNPSRSRN-
PNRVSS-NH2), which sequence corresponds to residues 25
to 50 from CP of PNRSV PV32 isolate and derived mutated
peptides pCPR30A, pCPR34A, pCPR41A, and pCPR47A
(containing the arginine residue at position 30, 34, 41, and
47 changed to alanine, respectively) (see Fig. 4A), were
synthesized on solid phase using the base-labile 9-fluore-
nylmethoxycarbonyl (Fmoc) group for the protection of the
amino function (Fields and Noble, 1990). Side chains were
protected by either t-Bu (Asp, Ser, Thr, Tyr), Trt (Asn, Gln),
Pmc (Arg), or Boc (Lys). Peptide was assembled on TentaGel
S RAM resin to yield peptide as C-terminal amide (0.24
mmol/g-RAPP Polymere, Ge) using couplings mediated by
diisopropylcarbodiimide (DIC)/hydroxybenzotriazol (HOBT).
Protecting the Fmoc group was cleaved by 20% piperidine in
DMF for 30 min. The N-terminus of the peptide was acetylated
using an excess of acetic anhydride in DMF. The peptide was
then cleaved from the resin, precipitated in cold t-butylmeth-
ylether, dissolved in acetic acid, and lyophilized. The peptide
was further purified by preparative reverse-phase (RP) HPLC,
and finally, checked by analytical RP HPLC, mass spectrom-
etry, and quantitative amino acid analysis.
Construction of plasmids
A plasmid containing the 3-NTR of a PNRSV isolate
(pKS/3NTR-Nc), similar to PV32 isolate at the 3-NTR, and
a series of substitution mutants are represented in Fig. 1B.
Plasmid pKS/3NTR-Nc was constructed through insertion
of the Bg/II-PstI fragment from pUC18/RNA 4 PNRSV
NctSp.mur1 (Aparicio et al., 1999) into pKS plasmid
cleaved with compatible BamHI-Pstl. This plasmid contains
a full-length copy of 3-NTR of PNRSV RNA 4. Plasmid
pKS/3NTR-S11 was constructed by insertion into pKS plas-
mid cleaved with Xbal-HindIII of the PCR product obtained
using as template plasmid pKS/3NTR-Nc and VP105
primer (5-CATACTTAAGCTTCCCTAACcccGCATC-
CAC-3 complementary to 863–884 positions with three
nucleotide substitutions, in lower case, and a HindIII site,
underlined) and VP106 sense primer (5GCTTGAGA-
TCTAGAGAGTGAG-3 corresponding to the jointing re-
gion between insert and polylinker and a XbaI site, under-
lined). Plasmid pKS/3NTR-Lp4 was constructed by two se-
quential PCR using pKS/3NTR-Nc as template. First, VP107,
primer (5-GCATGAAAGTCaaaAAGCGACCTTC-3, com-
plementary to 794–818 positions and with the mutated resi-
dues showed in lower case) and VP106 sense primer were used
to generate a PCR product of 120 nt length. A second PCR was
carried out using VP33 antisense primer (Sa´nchez-Navarro and
Palla´s, 1997) and the 120-nt-long fragment was used as primer
to reconstitute the whole 3-NTR with the internal mutation.
This second PCR product was cloned into pKS plasmid di-
gested with Xbal-Pstl. pKS/3NTR-Ps plasmid was obtained by
cloning into pKS plasmid digested with Xbal-Pstl of the PCR
product obtained from a reaction using pKS/3NTR-Lp4 as
template and VP119 primer (5GAATTCCTGCAGgaaC-
CCTAACGGGGC-3, complementary to 857–884 positions
and containing a trisubstitution, in lower case, and a Pstl site,
underlined) and VP106 sense primer. The constructions were
confirmed by sequencing. Plasmid pKS/CarMV-Ec3 contain-
ing CP gene of Carnation mottle virus (CarMV) was previ-
ously described (Can˜izares et al., 2001) and pTE7 plasmid
containing 3-NTR of AMV was kindly provided by Dr. J.F.
Bol (Leiden University, Holland).
In vitro plus-strand RNA transcripts were synthesized
using the appropriate RNA polymerase for each plasmid,
following manufacturer’s instructions. Template DNA was
digested with RNase-free DNase after transcription. Tran-
scripts were ethanol precipitated. Aliquots of the transcripts
were quantified by comparison to standards through gel
electrophoresis. For hybridization purposes, minus-strand
RNA digoxigenin-11-UTP-labeled probe (DIG-RNA probe)
corresponding to the 3-nontranslated region of PNRSV
RNA 3 was synthesized as previously described (Palla´s et
al., 1998).
Nucleic acid binding assays
Protein (or peptide) RNA-binding studies were per-
formed by EMSA. For the EMSA, 5 ng DIG-labeled plus-
strand 3NTR-Nc RNA transcript (mixed with either equal or
10-fold mass excess competitors for competition experi-
ments) were heated for 5 min at 85°C and cooled at room
temperature for 15 min. Different amounts of purified
PNRSV CP or synthetic peptides (90 ng of CP for compe-
tition experiments) were added and incubated for 30 min at
room temperature in a 10 l final volume of PE buffer (10
mM Na-phosphate buffer pH 7.0, 1 mM EDTA, and 5 units
of human placental RNase inhibitor) (Reusken and Bol,
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1996). To check for the existence of pseudoknot conforma-
tions, 5 ng of 3NTR-Nc, 3NTR-Lp4, or 3NTR-Ps tran-
scripts were heated for 5 min at 85°C in a buffer containing
75 mM Tris–HCl pH 8.0 (plus 15 mM MgCl2 for assays in
the presence of Mg2) and stored at room temperature for
15 min and 90 ng of CP or 600 ng of pCPwt synthetic
peptide were added and reactions were brought to 50 mM
Tris–HCl pH 8.0 (plus 10 mM MgCl2 for assays in the
presence of Mg2). Mixtures were incubated for 30 min at
room temperature.
Following incubations, 2 l of tracking dye was added,
and the samples were electrophoresed through 1.2% agarose
at 50 V in TAE (40 mM Tris–acetate, 1 mM EDTA, pH
8.0). RNAs were transferred to positively charged nylon
membranes (Roche) by electrotransference at 40 V in TAE
for 2 h at 4°C. RNAs were fixed to the membranes by UV
irradiation with a transilluminator for 3 min. Hybridization
and detection of DIG–RNA probe was conducted as previ-
ously described (Pallas et al., 1998) with CDP-Star substrate
(Roche). McBas 2.3 bioimage analyzer program was used to
quantify hybridization signals on the films.
CD analysis
CD spectra were recorded in the near-UV region (250–
350 nm) using a JASCO J-810 spectropolarimeter with a
1-mm path-length cell. Peptide concentration, calculated
from amino acid analysis, was 200 M in a Tris–HCl pH
8.0 buffered solution. The RNA/peptide ratio was settled at
1:100 to ensure full-bonded RNA. Each spectrum repre-
sented is the average of 10 scans at 5°C.
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